Interleukin (IL)-3-dependent mouse bone marrow-derived mast cells (BMMCs) are an important model for studying the function of mucosal-type mast cells. In the present study, BMMCs were successfully immortalized by cell fusion using a hypoxanthine-aminopterin-thymidine medium-sensitive variant of P815 mouse mastocytoma (P815-6TgR) as a partner cell line. The established mouse mast cell hybridomas (MMCHs) expressed α, β, and γ subunits of high-affinity immunoglobulin E (IgE) receptor (FcεRI) and possessed cytoplasmic granules devoid of or partially filled with electron-dense material. Four independent MMCH clones continuously proliferated without supplemental exogenous IL-3 and showed a degranulation response on stimulation with IgE + antigen. Furthermore, histamine synthesis and release by degranulation were confirmed in MMCH-D5, a MMCH clone that showed the strongest degranulation response. MMCH-D5 exhibited elevated levels of IL-3, IL-4, IL-13, granulocyte-macrophage colony-stimulating factor, tumor necrosis factor (TNF)-α, and cyclooxygenase 2, and production of prostaglandin D 2 and leukotriene C 4 in response to IgE-induced stimulation. MMCH clones also expressed Toll-like receptors (TLRs) 1, 2, 4, and 6 and showed elevated levels of TNF-α expression in response to stimulation with TLR2 and TLR4 ligands. The MMCHs established using this method should be suitable for studies on FcεRI-and TLR-mediated effector functions of mast cells.
in their granules [1] [2] [3] . Some released mediators immediately cause allergic symptoms such as a runny nose, sneezing, and asthma [4, 5] . In the second reaction, mast cells begin to produce proinflammatory cytokines and lipid mediators, including leukotriene (LT) C 4 and prostaglandin (PG) D 2 [6] [7] [8] . These newly synthesized agents lead to the development of severe and chronic allergic symptoms [9, 10] .
In addition to their traditional roles in IgE-associated allergic reactions in the adaptive immune system, mast cells also participate in the innate immune system [11, 12] .
Several Toll-like receptors (TLRs), which are highly conserved pattern-recognition receptors for pathogen-associated molecular patterns (PAMPs), are expressed in mast cells and have functional roles [13] [14] [15] . In particular, the role of TLR2 and TLR4 to recognize Gram-positive and Gram-negative bacterial components, respectively, and induce the production of proinflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-6 has been extensively studied [13, 14, 16, 17] .
The regulation of various mast-cell functions has been widely studied to understand their roles in the body or to develop novel therapeutic strategies against disorders involving them. For this purpose, many researchers have used IL-3-dependent mouse 9 with IL-3 (5 ng/mL).
To evaluate the effect of the concentration of DMSO in freezing medium on the viability of MMCHs, cells were preserved in liquid nitrogen using a freezing medium containing 0-10% DMSO and 40% FBS for 1 month.
Proliferation and viability of MMCHs were estimated by counting the cells using a hemocytometer in combination with a trypan blue exclusion test.
IgE-induced stimulation
For primary screening of IgE-reactive MMCHs, cells were suspended in fresh IL-3-supplemented GIT medium and sensitized with 5 μg/mL anti-dinitrophenol (DNP) mouse IgE (clone SPE-7; Sigma, St. Louis, MO, USA) for 24 h at 37 °C. After cultivation, the cells were washed with HEPES-Tyrode's buffer (137 mM NaCl, 5.6 mM glucose, 2.7 mM KCl, 0.5 mM NaH 2 PO 4 , 1.0 mM CaCl 2 , and 10 mM HEPES at pH 7. 
β-Hexosaminidase release assay
IgE-induced degranulation was evaluated using a β-hexosaminidase release assay [22] . The resulting cDNA was subjected to semiquantitative or quantitative PCR.
Semi-quantitative PCR using 1 μg of cDNA was performed using a Taq PCR Core Kit Granulocyte-macrophage colony-stimulating factor (GM-SCF) primer sequences, 5′-TAGCCAGGAGGGAGAACAGA-3′ (forward) and 5′-TGCATTCAAAGGGGATATCAG-3′ (reverse) from bases 418-438 and 579-559, respectively, were designed from GenBank accession number X02333. The PCRs comprised 1 cycle of preheating (95°C, 10 sec) and 45 cycles of denaturation (95°C, 5 sec), primer annealing (55°C, 10 sec), and extension (72°C, 20 sec) using a
StepOnePlus Real Time PCR System (Life Technologies, Foster City, CA, USA).
Results were analyzed with the ΔΔCt method using StepOne software (Life Technologies). The amount of PCR products was normalized to the expression level of the GAPDH gene.
Flow cytometric analysis
Flow cytometric analysis was used to determine the cell surface expression of FcεRI 
Transmission electron microscopy
Suspensions of MMCH-D5, BMMC, and P815-6TgR cells were fixed with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in PBS for 4 h at room temperature followed by further fixation with 1% osmium tetroxide for 1 h. After centrifugation at 3,000 rpm, an equal volume of 1% agarose was added to the pellet at 50°C. After cooling for solidification, the agarose-mixed samples were dehydrated in a graded series of ethanol followed by isopropyl alcohols. The dehydrated sample was embedded in an epoxy resin and cut into 0.1-μm-thick sections with an OmU4 ultramicrotome (Reichert-Jung, Vienna, Austria). For electron microscopic observation, ultrathin sections were mounted on formvar-coated copper grids (VECO, Eerbeek, Netherlands), and doubly stained with uranyl acetate and lead citrate. The stained sections were viewed with a transmission electron microscope (JEM-1400; JEOL, Tokyo, Japan). Data were digitized with DigitalMicrograph software (Gatan, Pleasanton, CA, USA).
Enzyme-linked immunosorbent assay (ELISA)
A suspension ( 
Statistical analysis
Data were statistically analyzed using a two-tailed Tukey's multiple comparison test or Student's t-test. P-values less than 0.05 were considered statistically significant. 
RESULTS

Establishment of a HAT medium-sensitive variant of P815 cells
Protease expression profiles
The profiles of chymase (mMCP-1, 2, 4, and 5), tryptase (mMCP6-10), and MC-CPA expression in IgE-reactive MMCH clones are shown in Fig. 2 . MMCHs showed strong expression of MC-CPA and mMCP-5, and weak expression of mMCP2, mMCP4, and mMCP6. BMMCs expressed mMCP2 in addition to MC-CPA, mMCP5, and mMCP6.
P815-6TgR cells expressed low levels of expression of these proteases.
Growth and IL-3-dependence
All MMCH clones exhibited a logarithmic growth in the cell density range of 1 × 10 5 -1 × 10 6 cells/mL (Fig. 3) . Cell proliferation during 0-96 h of cultivation was not affected by the addition of exogenous IL-3. The viability of the MMCH clones remained at over 99% throughout the experimental period and was not affected by IL-3 supplementation (data not shown).
Expression of FcεRI and c-Kit
The intracellular mRNA levels of FcεRI α, β, and γ subunits in IgE-reactive MMCH clones, P815-6TgR cells, and BMMCs are shown in Fig. 4A . All the subunits of FcεRI were expressed in MMCH clones and BMMCs. Although P815-6TgR cells expressed γ subunits, they showed defective expression of α and β subunits. 
Morphological features
The morphological characteristics of the MMCH-D5 clone, the clone that showed the most pronounced responsiveness to IgE-induced stimulation among the 4 established clones, were visualized by transmission electron microscopy and compared with those of BMMCs and P815-6TgR cells. The transmission electron micrographs indicated that these cells exhibited nuclei with partially condensed chromatin and short villi distributed regularly over the surface (Fig. 5) . P815-6TgR cells had very few granule-like structures in their cytoplasm (Fig. 5A) . Unlike P815-6TgR cells,
MMCH-D5 clones contained many cytoplasmic granules devoid of or partially filled with an electron-dense matrix (Fig. 5B, 5C , and 5D). The granules of BMMCs appeared to be filled more completely with the matrix (Fig. 5E and Fig. 5F ).
Degranulation and histamine release
Degranulation of the MMCH-D5 clone was quantitatively evaluated using serially diluted concentrations of IgE (0, 12.5, 25, 50, and 100 ng/mL) and antigen (0, 0.125, 0.25, 0.5, and 1 ng/mL). After stimulation, the MMCH-D5 clone released β-hexosaminidase in both an IgE-and antigen-dose-dependent manner, and the released value was calculated as 3-31% of the total value ( Fig. 6A and 6B) . By contrast, P815-6TgR cells showed little responsiveness to this stimulation.
After 1 h of stimulation with IgE + antigen, the concentration of histamine in the supernatant from IgE-stimulated cells (254.8 ± 34.1 nM) was significantly higher than that from unstimulated cells (111.4 ± 28.6 nM) (Fig. 6C) . The total histamine content of MMCH-D5 was estimated at 241.8 ± 37.4 ng/10 6 cells by measuring the histamine in the supernatant obtained from Triton X-100-treated cells (data not shown). The proportion of the histamine released by stimulation was calculated as approximately 8% of the total histamine.
Expression of proinflammatory genes and production of lipid mediators
Elevation of mRNA expressions in the MMCH-D5 clone peaked at 2 h after stimulation and decreased within 4 h. Fig. 7A shows that the levels of IL-3, IL-4, IL-13, GM-CSF, TNF-α, and COX-2 in MMCH-D5 cells were elevated to 210%, 201%, 411%, 227%, 197%, and 649%, respectively, after stimulation with IgE + DNP-HSA for 2 h, and the increases were statistically significant compared to the levels in unstimulated cells.
The concentration of PGD 2 in the MMCH-D5 supernatant obtained after 1 h of IgE stimulation was 18.4 ± 0.5 pg/mL and was significantly higher than that of the unstimulated control (15.7 ± 0.6 pg/mL) (Fig. 7B) . The increase in PGD 2 concentration was more pronounced in the supernatant obtained after 6 h of stimulation (unstimulated control, 16.9 ± 1.0 pg/mL; IgE-stimulated, 21.1 ± 1.0 pg/mL). The concentration of PGD 2 produced from IgE-stimulated and unstimulated cells after 6 h were 2.7 ± 0.1 pg/10 6 cells and 2.2 ± 0.1 pg/10 6 cells, respectively.
The concentration of LTC 4 was also significantly higher in the supernatants obtained from IgE-stimulated cells (1204.6 ± 101.0 pg/mL) compared to those from unstimulated cells (229.7 ± 125.6 pg/mL) (Fig. 7C) . The concentrations of LTC 4 produced from IgE-stimulated and unstimulated cells were 154.2 ± 12.9 pg/10 6 cells and 29.4 ± 16.1 pg/10 6 cells, respectively.
Expression of TLRs and responsiveness to TLR-mediated stimulation
The expression of TLRs in MMCH clones is shown in Fig. 8A . All MMCH clones expressed TLR1, 2, 4, and 6. The expression levels of these TLRs were different among the clones. Treatment of the MMCH-D5 clone and BMMCs with ligands to TLR2
(1-100 μg/mL Pam 3 CSK 4 ) and TLR4 (1-100 ng/mL LPS) induced TNF-α expression in a dose-dependent manner (Fig. 8B) . In particular, the increase in TNF-α induced by Pam 3 CSK 4 (10-100 μg/mL) and LPS (10-100 ng/mL) was statistically significant in both MMCH-D5 and BMMCs. Although P815-6TgR cells also expressed TLR1, 2, 4, and 6, they showed defective response to the ligands in the above-mentioned concentration ranges.
DISCUSSION
The cell fusion technique for obtaining hybridomas was initially described as a method for immortalizing plasma cells to produce monoclonal antibodies [28] . The immortalization is based on the transmission of infinite proliferative capacity from the neoplastic parent cell lines using fusion. This technique was thereafter also used to immortalize other immunocompetent cells [29] [30] [31] . However, MMCHs have not yet been reported because of the lack of an appropriate fusion partner cell line. This study is the first to report the successful establishment of functional BMMC hybridomas by cell fusion using P815 cells as a partner.
P815 cells are a methylcholanthrene-induced mastocytoma cell line originating from the DBAf/2 mouse [32] . Given the selection of hybridomas in HAT medium, original P815 cells were essentially unsuitable as fusion partner cells because they possess hypoxanthine-guanine phosphoribosyltransferase [33] . Therefore, prior to fusion, a HAT-sensitive variant was established by sequential drug selection with 8-azaguanine and 6-thioguanine. After cultivation using these 2 purine analogs, the resultant P815-6TgR cells no longer grew in HAT medium, as described previously [34] .
Although MMCHs established by this method required the determination of optimal DMSO concentration for freeze preservation (Fig. 1) , 4 clones were eventually established as IgE-reactive clones. The clones principally expressed MC-CPA and mMCP-5 (Fig. 2) . The expression pattern of mast cell proteases reflects the type of mast cells: mucosal type cells predominantly express mMCP1 and mMCP2, and connective tissue type cells express mMCP4, mMCP5, mMCP6, mMCP7, and MC-CPA [35] .
IL-3-dependent BMMCs have been shown to express a unique protease expression pattern of MC-CPA, mMCP-5, and mMCP-6 despite their mucosal cell-like characteristics [35] [36] [37] [38] . The expression pattern of mast cell proteases in MMCH clones was generally similar to that of BMMCs, except for mMCP2. Several reports have
shown that the expression of mMCP2 is undetectable in IL-3-dependent BMMCs unless they are exposed to IL-9 and IL-10 [39, 40] . In addition to mMCP2, expression of proteases other than mMCP5 and MC-CPA was lower in MMCH clones compared to BMMCs. One possible reason for this decreased expression of proteases in MMCH clones may be the overall low levels of protease expression in P815-6TgR cells (Fig. 2) .
Thus, the protease expression in MMCH clones may be affected by the defective state of protease expression in P815-6TgR cells.
All the IgE-reactive MMCH clones survived and proliferated in the absence of exogenous IL-3 (Fig. 3) . The IL-3-independence of MMCH clones is notably distinct from that of IL-3-dependent BMMCs. In this regard, P815 cells can survive in medium lacking IL-3 because they receive another survival signal from point-mutated c-Kit [41] .
Therefore, MMCH clones presumably overcome IL-3 dependence by receiving the survival signal of mutated c-Kit inherited from the P815-6TgR cells.
IgE-reactive MMCH clones expressed all FcεRI subunits in a manner similar that of BMMCs (Fig. 4A) . By contrast, the expression of the FcεRI α and β subunits was absent in P815-6TgR cells. The expression of the FcεRIα subunit on the surface of MMCH clones and BMMCs was also confirmed by flow cytometric analysis (Fig. 4B) .
P815-6TgR cells lacked detectable expression of the α and β subunits of FcεRI, as reported for P815 cells [42] . In rodents, formation of αβγ2 tetramers of FcεRI is necessary for stable localization and function on the cell surface [43] . Therefore, IgE-reactive MMCH clones may inherit the ability to express FcεRI α and β subunits from BMMCs. Miller et al. reported that P815 cells transfected with both FcεRI α and β subunits failed to degranulate even after IgE stimulation [42] . Therefore, the IgE-induced degranulation reactivity of the MMCH clones is attributable to the recovery of not only FcεRI α and β subunits but also to other signaling components necessary for degranulation.
The degranulation ability of IgE-reactive MMCHs was also supported by transmission electron microscopic observations using MMCH-D5, the MMCH clone that exhibited the strongest reactivity to stimulation with IgE + antigen. MMCH-D5 exhibited mast cell-like features, including unsegmented nuclei, numerous narrow villi on the cell surface, and, in particular, many granules in the cytoplasm (Fig. 5) . The granules of MMCH-D5 appeared immature compared to those of BMMCs because the granules contained a lesser amount of dense material. However, the existence of granules in MMCH-D5 cells was obviously distinct from that of P815-6TgR cells, which had only a few granules or none.
MMCH-D5 showed both IgE-and antigen-dose-dependent β-hexosaminidase release ( Fig. 6A and 6B) . These results suggest that quantitative FcεRI-mediated signal transduction works in this clone. Therefore, the ability of MMCH-D5 to release histamine was investigated. As shown in Fig. 6C , the concentration of histamine in the MMCH-D5 supernatant significantly increased after stimulation with IgE + antigen, suggesting that MMCH-D5 released synthesized histamine by degranulation.
After 2 h of IgE + antigen stimulation, expression of IL-3, IL-4, IL-13, GM-CSF, and TNF-α was significantly elevated in MMCH-D5 (Fig. 7A) . These proinflammatory cytokines increased after mast cell degranulation [44] [45] [46] [47] . The significantly elevated expression of these cytokines suggests that IgE-induced signaling cascades are linked to the expression of these cytokines in MMCH-D5. Fig. 7A also shows that COX-2, an inducible synthase of PGs [48] , was significantly upregulated in MMCH-D5 after stimulation. BMMCs produce PGD 2 as a major product of COX-2 following IgE-induced degranulation [49] . Indeed, PGD 2 production from MMCH-D5 after both 1 and 6 h of stimulation with IgE, mainly corresponding to COX-2-independent and COX-2-dependent production of PGD 2 , respectively [50, 51] , was significantly increased (Fig. 7B) . Furthermore, production of the other major arachidonic acid mediator metabolite LTC 4 was more notably induced by IgE + antigen stimulation (Fig.   7C) . Razin et al. [52] reported that IL-3-dependent BMMCs produce LTC 4 in marked preference to PGD 2 . Therefore, vigorous synthesis of LTC 4 rather than PGD 2 from MMCH-D5 may reflect the properties of BMMCs used in this study.
In addition to the reactivity of FcεRI, MMCH clones expressed TLR1, 2, 4, and 6 ( 
